Genetic diversity in natural populations of the bacterium Pseudomonas cepacia was surveyed in 10 enzymes from 70 clones isolated along a landscape gradient. Estimates of genetic diversity, ranging from 0.54 to 0.70, were higher than any previously reported values of which we are aware and were positively correlated with habitat variability. Patterns of bacterial genetic diversity were correlated with habitat variability. Findings indicate that the source of strains used in genetic engineering will greatly affect the outcome of planned releases in variable environments. Selection of generalist strains may confer a large advantage to engineered populations, while selection of laboratory strains may result in quick elimination of the engineered strains.
Although natural selection is the process that affects allele frequency, promotes genetic diversity, and ultimately results in environmental adaptation, few studies have shown a relationship between genetic diversity and environmental variability (1) . There is considerable circumstantial evidence indicating a positive relationship of genetic polymorphisms to environmental heterogeneity (2) . It is difficult to demonstrate the relationship of physiological, morphological, and behavioral attributes of higher organisms to enzyme polymorphisms; however, this may be less difficult for bacteria. While relationships between genetic diversity and environmental variables (e.g., soil ion concentrations) probably exist in larger organisms, a more direct relationship should be exhibited by microbes, for which the physical-chemical characteristics of the environment are the direct basis of selection (3) .
The homeostatic mechanisms that reduce perceived environmental extremes are lacking or are not very effective in bacteria compared to those of higher organisms. Environmental differences in nutrient concentration, nutrient availability, temperature, and pH directly affect the kinetics of bacterial enzymes. These factors act as selective agents on genes controlling enzyme systems; therefore, a relationship should exist between various components ofgenetic diversity among populations of bacteria and variability associated with their environment.
Microorganisms, perhaps the most adaptable of all organisms, are physiologically active at temperatures from -5°C to 105°C and possibly 250°C, and at pressures ranging from <1 to 40 atmospheres (4) (5) (6) (7) . This range of adaptability results, in part, from (i) their ability to evolve rapidly compared to higher organisms, (ii) short generation times, (iii) large effective populations, (iv) high surface-to-volume ratios that require immediate response to changes in environmental conditions, and (v) DNA exchange in bacterial populations (8) . Evidence of the most direct effects of natural selection due to environmental differences should be manifested in microbes.
Researchers using immunological and serological methods have shown that there exists considerable variability within bacterial taxonomic groups (9) (10) (11) (12) . However, only two attempts have been made to estimate genetic diversity in natural populations of bacteria (13, 14) . Both of these studies utilized Escherichia coli from a variety of sources. Although genetic variability was found, there was no attempt to correlate the observed diversity with environmental variables. Selander and Levin (14) concluded that the observed variability was much less than expected. This observation is not surprising since E. coli inhabits relatively large, mobile, homeostatic organisms that provide similar constant environments for the bacteria.
Bacteria living in more variable environments-e.g., soilare exposed to wide fluctuations in temperature, moisture, and nutrient availability and should exhibit greater genetic diversity than E. coli. We hypothesized that genetic diversity of populations of a bacterial species would differ along an environmental gradient. Specifically, changes in the genetic diversity of alleles controlling metabolic enzymes in Pseudomonas cepacia, a common soil microbe, should be positively correlated with environmental variability.
MATERIALS AND METHODS
The bacterium P. cepacia was isolated from 5-cm soil cores taken along an environmental gradient. Cores were randomly taken from 40 permanent plots established on four distinct habitat types located in the Meyers Branch drainage of the Savannah River Plant, Aiken County, South Carolina. The Meyers Branch study area encompassed approximately 16 X 105 M2. Ten additional permanent plots were established in an adjacent sand hill site. The five habitat types were as follows: longleaf pine plantation (Pinus palustris); upland deciduous forest dominated by red oak (Quercus falcata) and mockernut hickory (Carya tomentosa); bottomland hardwood forest dominated by white oak (Quercus alba), loblollypine (Pinus taeda), tulip poplar (Liriodendron tulipifera), red maple (Acer rubrum), dogwood (Cornus florida), and holly (Ilex opaca); cypress swamp dominated by bald cypress (Taxodium distichum), black gum (Nyssa sylvatica), and red maple (A. rubrum); and sandhills dominated by turkey oak (Quercus laevis) and longleaf pine (Pinus palustris).
At each sampling location soil pore water was sampled biweekly from 10 porous cup lysimeters and analyzed for concentrations of dissolved organic carbon, NO-nitrogen, NH', P, K, Ca, Mg, Fe, and Mn. Soil cores removed biweekly from the locations were analyzed for percent water, percent organic content, and pH. Weather stations located within a habitat type recorded daily air temperature, soil maximum and minimum temperature, and surface maximum and minimum temperature. Samples were collected for 18 months.
The bacteria were isolated from soil cores on a minimal salts/glucose medium supplemented with 2 g of nutrient broth per liter. Seventy clones were isolated from the habitat 9621
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types. Clones were identified by using a rapid-identification strip (API, Rapid NFT System, Analytab Products) that utilizes 21 biochemical tests. All 70 isolates were determined to be P. cepacia with >99% accuracy. The isolates were streaked on plates and the resulting growth was scraped from the plates into 2 ml of sterile grinding solution and sonicated (Fisher Sonic Dimembrator, model 300) at 200 W three times for 10 s in an ice bath. These clones were assayed for genetic variation in 10 enzymes by using starch gel electrophoresis. Multiple banding patterns were seen for most enzymes. Enzymes stained for were malic enzyme, malate dehydrogenase, isocitrate dehydrogenase, glucose-6-phosphate dehydrogenase, glucose phosphate isomerase, menadione phosphorylase, nucleoside phosphorylase, aconitase, 6-phosphogluconate dehydrogenase, and peptidase.
Genetic Fe, NO3, and Mg) ( Table 1 ). All of the significant correlations were positive. Of the 8 inorganic or organic variables measured, the coefficients of variation for 6 were highly correlated with each other. Only the coefficients of variation for P and Ca showed no correlation with either genetic diversity or the other chemical variables measured.
The sums of the 5 significantly correlated coefficients of variation by habitat were used as measures of environmental variability. In regression analysis, environmental variability accounted for 78% of the genetic diversity (P = 0.047) (Fig.  1) . Greatest genetic diversity was found in isolates collected from the bottomland hardwood sites, the habitat with the highest environmental variability. Isolates from the pine and turkey oak habitats, those with the lowest environmental variability, had the lowest genetic diversity.
The patterns of enzyme diversity varied across the habitat types (Table 2 ). Of the 10 enzyme systems surveyed, isocitrate dehydrogenase and malic enzyme were the most variable (genetic diversity 0.83 and 0.69), and glucose-6-phosphate dehydrogenase, malate dehydrogenase, and nucleoside phosphorylase were the least variable (0.47, 0.46, and 0.37, respectively). The average genetic diversity across all habitats was 0.59. Canonical discriminant analyses of the genetic information effectively separated individual isolates into groups concordant with distinct habitat types (A = 0.019, P < 0.05) (Fig. 2) . The overlap in the two-dimensional plot is effectively resolved by the third canonical variate. Placement of individual clones into their respective habitat groupings occurred with greater than 80% correct classification. Clones isolated from the bottomland hardwood sites were 100% correctly classified.
DISCUSSION
Measures of genetic diversity reported here are greater (2-fold) than those of Milkman (13) and Selander and Levin (14) , who reported estimates of genetic diversity in E. coli 2 to 3 times greater than in any other oganism. Other soil bacteria may be as genetically diverse as P. cepacia; however, most microbial communities have not been studied in this regard (16) .
The results of the canonical discriminant analysis and the relationship between genetic diversity and environmental variability suggest a pattern of microgeographical adaptation due to selection. Since dispersal in these bacteria is quite limited, differentiation due to selection among local popula- tions is enhanced. Bacteria seem to respond to their environment as if it were coarse grained (17) . Clones separated in space are likely to be in and stay within different habitat patches. Given these conditions and a short generation interval, adaptations to local conditions are promoted. Each site would tend to have clones adapted to its particular set of environmental conditions in a manner similar to that described in Wallace's (18) "bed of nails" model. In this model each "nail" represents an adaptive peak achieved by the individuals at that particular location, with the height of nails indicating the degree of adaptation. The way in which the nails are located in space-i.e., the pattern of adaptationwould depend upon the spacial distributions and temporal predictability of important environmental characteristics.
Natural selective processes appear to be acting at two levels: (i) variation among habitats; and (ii) variation within habitats. Genetic diversity among clones in the major habitats was correlated with the characteristics of these habitats, pointing to the importance of directional selection at the landscape level. This selection is also the likely cause of correlation between environmental and genetic diversity. Mutation, dispersal, or stochastic effects do not adequately explain gene-habitat relationships.
At the habitat level, this species of bacteria must exhibit fitness peaks similar to those in Wright's shifting-balance model of evolution (19) . Understanding the extent of genetic diversity of bacteria and the pattern of their adaptive topographies is a necessary part of discerning the evolutionary paradigm for this life form. Bacteria occupy an extreme position along the continuum of possible environmental grain and, thus, may be useful in delimiting the application of Levins' theory (17) . Evolutionary insights gained from the study of large mobile organisms, which have a greater degree of homeostatic control over their internal biochemical environments, will probably not be useful in understanding bacterial evolution; however, aspects of certain general evolutionary dynamics observed for bacterial populations may assist in the development of models.
P. cepacia can utilize many different carbon compounds as its sole energy source (20) . Growth experiments used laboratory strains and were performed under ideal conditions. Bacteria in natural environments would encounter a much more diverse suite of organic substrates. Since the nature (both qualitatively and quantitatively) of organic matter in a specific habitat will be dependent on the diversity of the vegetation, the bacteria living in a species-diverse plant community would encounter a higher relative diversity of Ecology: McArthur et al. 4.5p possible substrates. Additionally, the bacteria would encounter these molecules under constantly changing environmental conditions-e.g., temperature and pH.
Those variables whose coefficients of variation correlated significantly with genetic diversity and habitat variability were percent organic, Fe, NO3, Mg, and dissolved organic carbon concentrations. The variability associated with concentrations of cations necessary for specific functions in metabolism or enzyme cofactors (21) would greatly alter metabolic efficiency (3) . In nature, this variability may select for multiple isozymes of an enzyme, thus enabling the microbe to survive under constantly changing conditions. Although the multiple bands seen in most of the systems suggest alternative forms of the same enzyme, we cannot say that these multiple forms provide the advantages previously discussed. Hochachka and Somero (3) argue that multiple forms of an enzyme may be needed to restore metabolic or regulatory ability during changing conditions. Furthermore, the microenvironment around the enzyme (e.g., osmolytes, lipids, protons) must be continually adjusted to preserve enzyme function. While bacteria can control their microenvironment within the cell to some degree, they have little control outside the cell. Extreme variability in the external environment may change the internal conditions.
The patterns and magnitude of genetic variability demonstrated in P. cepacia have implications for the release of genetically engineered microorganisms. In light of present proposals to release genetically engineered bacteria into the environment, it is important that researchers or applied scientists understand the ecology and population genetics of natural microbial communities. Genetically engineered bacteria may not be able to respond to the variability of natural environments. This may be due, in part, to the potential sources of strains used to engineer new genomes. There are at least two distinct sources: (i) existing laboratory strains or (ii) new strains isolated from nature. Laboratory strains would not be expected to have genes that produce products that are functionally efficient in many different habitats. Alternatively, success of genetically engineered microorganisms in the environment may be dependent on the preselection ofgeneralist strains, strains capable of utilizing a wide variety of substrates. Such preselection could circumvent natural selection processes in the environment and confer a large advantage to the engineered bacterial populations.
Correlative relationships between environmental heterogeneity and natural genetic variability of an organism provide support for evolutionary ecological models. Further experimental work that defines the environmental conditions that elicit the genetic responses are needed. The coupling of microbial ecology and evolutionary ecology should provide understanding of these relationships. The results of such couplings should show the mechanisms of the response(s) and provide a necessary background for environmental biotechnology.
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